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Sorghum is the fifth most important cereal crop grown in the world, and is the primary staple
food for many people in developing countries. Like other major crops, its improvement is
constrained by depletion of genetic diversity within breeding germplasm. Investigated in this
study is the unique creation of non‐genetic phenotypic variation through altering MutS
Homolog1 (MSH1), a plant‐specific gene, and the potential it presents for sorghum improvement.
Suppression of MSH1 results in non‐genetic developmental reprogramming. The derived MSH1
memory lines, when used in crossing, result in heritable phenotypic variation that enhances plant
vigor and agronomic performance. A previous study of MSH1‐suppression effects in TX430
sorghum inbred revealed dramatic phenotypic variation. However, a proportion of the
phenotypic effect was found to be genetic, resulting from spontaneous reversion of dwarfing
gene dw3 to produce plant height variability. In this study, the possibility that MSH1 suppression
influenced dw3 reversion was investigated; however, no evidence of increased dw3 reversion
was found. F2 progeny derived from F1 parents pre‐screened for dw3 reversion showed enhanced
phenotypic variation in plant height, days to flowering, tillering and grain yield relative to the
wildtype. A large proportion of the F2 families showed tendency to be taller and delayed in
flowering, while about 10% of families outperformed the wildtype in tillering and grain yield. The

observed MSH1 induced range of phenotypic variation in agronomic traits presents an
opportunity for selection and potential for breeding in crops.
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CHAPTER 1
Literature review
Genetic diversity and crops
There is a general consensus that genetic diversity within commercially important crops has
declined considerably over the domestication process. Genetic diversity however, remains a
critical element in maintaining and increasing agricultural productivity [1]. Heterogeneity within
breeding germplasm can largely influence the prospects of developing improved crops [1][2].
Plant breeding programs seek to develop genotypes that outperform current genotypes through
creation of novel allelic combinations [3]. Breeding and agronomic improvements achieved over
time are associated with depletion of the available genetic diversity within elite germplasm
[4][5][6].
Molecular advances of the genomics era reveal that domestication and selection have altered
crop genomes considerably, showing significant reduction in genetic diversity [7]. Reduced
genetic diversity narrows selection capacity and can have unintended consequences of increased
vulnerability of agricultural crops to sudden changes in climate and the appearance of new pests
and diseases [8]. In recent years, breeding programs have put more emphasis on reintroducing
resilience traits to major crops that might have been lost under intensified production [9].
Several means exist through which new alleles can be created in an otherwise homozygous
genotype. With advances in molecular biology, ways to alter gene expression to make the
genome more plastic and amenable to selection are now emerging. Genome plasticity could
result from mutation events, epigenetic modifications, transposable element movement or other
genomic structural changes, and these can result in gene interaction with large effects on
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phenotype [10]. Transgenes introduce novel phenotypic variation and have been used to improve
stress tolerance, nutritional quality and other traits of interest [11]. Targeted genome editing
with CRISPR [clustered regulatory interspaced short palindromic repeats]‐Cas9 technology
enables precise design of alleles to alter trait expression [12][13][14].
Epigenomics and crop improvement
Contribution of epigenetics to phenotypic variation may have gone unnoticed in early agronomic
studies [15]. The importance of epigenetic inheritance in agriculture has been recognized through
studies of heterosis [16][17]. Crop improvement studies through genetic transformation have
occasionally experienced repression of transgenes through hyper DNA methylation [18],
inhibiting the expression of a desired trait.
The term ‘epigenetics’ describes heritable changes in gene expression not controlled by the
genomic sequence [19]. In recent years, studies have greatly advanced knowledge of epigenetic
processes involving sRNA‐mediated gene silencing and chromatin‐based inheritance of gene
activity states through DNA methylation and/or modifications of histones [20]. Although genetic
diversity has been considered to be the underlying source of a significant proportion of heritable
phenotypic variation, there is growing evidence of epigenetic contribution to stable variations
[21]. Understanding the underlying epigenetic mechanisms associated with the heritable
phenotype could contribute towards crop improvement. Several studies have reported evidence
of environmental influence on persisting epigenetic effects on phenotype [20][22], and it may be
possible to develop agricultural practices that exploit these epigenetic mechanisms to help
develop environmentally tolerant crops.
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It has been reported that variation in DNA methylation inheritance patterns may be associated
with heritable phenotypic differences [23][24][25], including agronomically important traits in
plants [26][27][28]. This underscores the plausible significance of epigenome contribution
towards crop improvement. The advances in genomics and epigenetics suggest epigenetic
modifications of key regulatory genes in hybrids can trigger pathway signaling cascades to
regulate physiology and metabolism, consequently stimulating heterotic effects [29]. Epigenome
contributions to genetic diversity, the understanding of inheritance, natural selection and
perhaps evolution [30] are beginning to gain significant recognition as genomics and epigenomics
data accumulate and data analysis improves [31].
MSH1 RNAi suppression and non‐genetic phenotypic variation
RNA interference (RNAi) technology has been widely used in the past as a tool for analyzing gene
function in plants [32], and has been a valuable resource in crop improvement [33]. A common
way to achieve RNA interference is to use a transgene that produces hairpin RNA with a double
strand RNA region [34], which triggers the targeting of homologous mRNAs for degradation [35].
MutS Homolog1 (MSH1) is a plant‐specific, nuclear‐encoded gene that is targeted to both plastids
and mitochondria to influence organellar genome behavior and plant growth patterns [36].
Studies of MSH1 through RNAi suppression in different plant species, including sorghum
(Sorghum bicolor), millet (Pennisetum glaucum), tobacco (Nicotiana tabacum), tomato (Solanum
lycopersicum), soybean (Glycine max) and Arabidopsis thaliana, have consistently resulted in
variant phenotypes that include leaf variegation, delayed flowering, male sterility, increased
tillering/branching and dwarfism with varying degrees of penetrance [36][37][38][39][40].
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The msh1 mutant also demonstrates enhanced tolerance to abiotic stress, including high light,
heat and water deficit [36] [41]. The tolerance displayed by msh1 mutants implies an interaction
of environmental signals, organelle effects and nuclear regulation [42]. This is an important
relationship that may prove crucial in understanding stress response in plants [43]. Study of DNA
methylation patterns in msh1 mutants reveals genome‐wide changes in methylation in genes and
transposable elements [44]. Growing evidence suggests DNA methylation plays a crucial role in
sensing and responding to stress through regulation of stress‐responsive genes [27] [45].
The suppression of MSH1 conditions epigenetic effects, with plants segregating null for the RNAi
transgene showing heritable phenotypes of delayed flowering, pale leaves and stunted growth
[36]. These msh1 ‘memory’ plants, when crossed to isogenic wildtype counterparts, produce
enhanced growth performance that responds to transgenerational selection, as displayed in
tomato, sorghum, soybean and Arabidopsis [28][40][46]. The consistency of such results across
different crops suggests that MSH1 suppression could provide a new breeding technique.
Crop used in the study
Sorghum [Sorghum bicolor (L.)], a C4 crop, is the third most important cereal crop grown in the
US, the fifth most important cereal crop grown in the world, and the primary staple food for over
500 million people in the world, mainly in African and Asian countries [47][48]. Global interest in
sorghum is increasing due to its resilience against high temperature, tolerance to drought
conditions, broad genetic diversity and capacity to produce food, feed, fiber and bioenergy
[49][50][51], making it important to both agriculture and industry. The discovery of cytoplasmic
male sterility and fertility restoring genes facilitates the utilization of a hybrid system for
heterosis to improve sorghum grain productivity [52]. Sorghum offers an alternative for
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bioethanol production because of fermentable sugars, grain starch and lignocellulosic fractions
from which cellulose and hemicellulose can be used as carbohydrate sources for fermentation
[53]. In the U.S., sorghum has been gaining in interest as a gluten‐free grain, and offering an
alternative for wheat allergy complications [54]. The sorghum diploid (2n=20) genome (
730 Mb), smaller than maize (Zea mays L.) ( 2300 Mb), makes sorghum suitable as a model in
exploring functional genomics of the related Poaceae (grass) family members [55][56].
The availability of genomic sequence allows for the full exploitation of sorghum’s potential. It is
the first crop of African origin to have its genome sequenced, making it a potential genomic
model [55]. These genomic resources greatly facilitate research into the genetic improvement of
sorghum and related cereals to meet growing demands [57] and to alleviate Africa’s food
production constraints [58]. Sorghum transformation and molecular analysis of the transgenic
outcomes has advanced sorghum biotechnology development [59][47]. The potential exists to
alter plants for growth and development, quality, tolerance to biotic and abiotic stress and, thus,
increased overall crop productivity [58]. Advances in genomic approaches, including association
mapping (AM) and genomic selection (GS), and new computational tools have supported
quantitative genetic selection progress, becoming an integral part of breeding programs [60].
Successful utilization of these techniques in the model plant Arabidopsis and crops including rice,
maize and wheat offers prospects for their use in sorghum improvement programs.

Inheritance of height in sorghum
When sorghum was first introduced to the Great Plains, two tropical types, ‘Milo Maize’ and
‘Guinea Kafir’, were short‐day in flowering response and too tall for hand harvesting [61]. The
production of combine sorghum [short stature] began from two short plants of milo, the first
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mutant dwarf, and the second and even shorter as a mutation within the dwarf varieties. These
dwarfs entered into parentage of combine varieties throughout the world [52]. The dwarfing
genes increased stem mechanical strength, significantly improving lodging resistance, and were
more nutrient efficient, resulting in increased crop productivity [62]. In fact, the introduction of
dwarf varieties in rice and wheat had a major impact in the success of the green revolution [63].
Comprehensive studies on inheritance of plant height in sorghum by Quinby and Karper [64],
discovered that it is controlled by four independently inherited genes [designated Dw1 Dw2 Dw3
Dw4], which modify internode length. The recessive state produces dwarfness, while tallness is
partially dominant. Breeders use combinations of mutations in these genes to develop semi
dwarf cultivars. In the 1940s, breeders used a “three‐dwarf” combination (dw1 Dw2 dw3 dw4)
to develop a productive cultivar that became the basis for future grain sorghum development
[61] [65]. Detailed analysis of dwarfing genes and their associated phenotypes revealed that they
were involved in synthesis or signaling of plant hormones, including gibberellin (GA) and auxin
[66].
Dw3, encoding an unstable mutation, has been cloned and shown to represent an ortholog of
maize Brachytic2, which is involved in auxin transport [63]. Loss of function in the unstable dw3
is caused by an 882–base pair direct duplication found in exon 5 of the dw3 allele [63], which
reverts back to Dw3 by unequal crossing‐over [67]. Similar mutations that revolutionized cereal
production through dwarf cultivar development were discovered in rice and wheat.
Characterization of rice semi‐dwarf1 (sd1) and wheat Reduced height (Rht) reveal influence on
a GA biosynthesis enzyme and GA negative regulators, respectively, and they are both linked to
defects in GA signaling pathway [62][68]. The GA‐related mutations, used successfully for lodging
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resistance in rice, wheat, and barley, may not be applicable in sorghum because they induce culm
bending, which causes abnormal plant architecture [69]. Studies on sorghum DW1 reveal a novel
uncharacterized protein [70] that reduces cell proliferation in internodes [62].

Potential for increasing yield stability thorough epigenome breeding
Crop yield increase has been the primary objective in most crop production systems, however,
improving yield stability is also another critical component [71], particularly in the face of global
environmental change [4]. Decline in crop yield owing to increasingly severe climatic events
threatens global food security [72]. Prioritizing development and adoption of hardy crop
genotypes is imperative to alleviate these threats [13].
Measurable genotype × environment (GE) interaction is an essential aspect to plant breeders and
agronomists [73]. GE interaction exists when the phenotypic response induced by environmental
variation is not the same for all genotypes. Change in performance of genotype with change in
environment complicates selection of appropriate genotypes for different environments. Ideally,
future cultivars should have the ability to produce high and satisfactory yield over a wide range
of environments. The genotype‐location interaction can be reduced by stratification of
environment and allocation of different genotypes to different locations with prior knowledge of
existing environmental variation [74].
Small grain varieties are most often recommended on a regional or large area basis in spite of
the fact that GE interaction within the region may be of considerable magnitude [67]. There is a
school of thought that considers a tradeoff in crop yield during a good year as the price for
prioritizing yield stability. However, when there is uncertainty in environmental conditions,
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stability might prove to be the wise choice. Yield stability is more difficult to select for than is
improved yield, many years of multi‐location evaluation are required for selection [4], and
heritability for stability is generally low [76][77]. Yet, it is impractical and costly to develop crop
varieties for every micro‐environment, and year‐to‐year fluctuations can contribute large
genotype‐year and genotype‐location‐year interactions.
Various studies for different traits have succeeded in identifying loci that interact with the
environment, stability loci, supplying evidence for a genetic basis for stability [76][4]. Improved
crop performance under abiotic stress [severe water deficit and cold] conditions has been
achieved through multiple transgenic strategies [78][79]. The use of genetically heterogeneous
varieties was proposed in the 1950s as a means to reduce GE interactions [80]. Multiple studies
working with heterogeneous populations have reported greater production stability under broad
environmental variations and greater tolerance against biotic stress, suggesting population
buffering conferred by differential response of a variety consisting of multiple genotypes
[81][82][83].

Molecular mechanisms underlying phenotypic plasticity in response to environmental signals can
function in various ways [84]. Studies have suggested the contribution of epigenetics, through
gene regulation, to plant environmental adaptation. Growing evidence suggests that DNA
methylation in response to stress leads to heritable variation in phenotype [85][86][87].
Epigenetic changes can have profound impact on variability and plasticity of important ecological
plant traits, as well as on plant fitness [88]. Investigation of MSH1‐altered sorghum showed some
evidence of reduced GE [46]. The MSH1 system may offer an opportunity for selection of
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phenotypic plasticity under variable conditions or a broader range of environments to achieve
yield stability through population buffering.

Why MSH1 mediated epigenome breeding
Besides presenting a novel approach to generate phenotypic variation in plants, MSH1‐mediated
epigenome breeding could be advantageous to overcome deficiencies of other breeding systems.
It is generally accepted that human interference has contributed in the continual decline of
biodiversity, with adverse implications on creating diversity, which is essential in plant breeding
programs. There are interventions designed to introduce new genetic variations in homozygous
germplasm. Transgenic and cisgenic technologies, now being hailed as a gene revolution
analogous to the green revolution, have enabled precision genetics and introduction of novel
crop traits [89]. Current use and benefits of transgenes, however, is limited or inaccessible in
some jurisdictions because of imposed restrictive regulatory policy and consumer acceptance
[12][4].
Notable successes in crop improvement have been achieved through introgressive breeding.
Introgression of novel alleles from landraces and wild relatives can, however, be slow and
tedious, since hybridization must often be followed by successive backcrossing [90]. The MSH1
epigenome‐altering approach has consistently produced increased phenotypic variation that
responds to transgenerational selection in crop plants including sorghum, tomato, soybean, and
millet [28][40][46]. The MSH1 approach may offer an alternative breeding strategy that can be
used in conjunction with already existing breeding methods.
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Chapter 2

Introduction
Modernization and advancement of Agriculture is essential to the food security of the entire
planet. Historically, people domesticated crops for sustainable food production and other needs.
The increased demand for agricultural products as population grows necessitates increased
sustainable agricultural productivity. The success of the domestication process, however, has led
to a gradual decline in genetic diversity, as species subjected to selection pressure can face
genetic bottlenecks [1][2][3][4]. Loss of genetic diversity poses a threat to crop improvement as
it limits the creation of new genic combinations [5]. In recent years, molecular tools and
approaches have been employed in crop improvement, and these facilitate more informed
approaches to genomic selection and predictions for agronomic traits based on nucleotide
sequence [6].
Although genomic sequence accounts for a relatively large proportion of heritable phenotypic
variation, there is growing evidence that epigenetics, or how that genomic sequence is
expressed, contributes significantly to phenotype and can affect stable inheritance of some traits
[7]. Some of the earliest studies of variation did not recognize epigenetic influences [8].
Epigenetic contribution to plant phenotype has been experimentally approachable with the
identification of plant epialleles [9]. The transgenerational inheritance of epialleles has been
described for some plant traits, including flower symmetry [10], pigmentation [11], late flowering
[12], and fruit ripening defect [13]. Epigenetic variation, as an increasingly recognized contributor
to plant phenotypic plasticity, offers potential for new approaches to crop improvement [9].
Exploiting epigenetic diversity for plant breeding, however, requires the ability to access
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epigenetic variation affecting specific agronomic traits. To date there has been no system
available to directly integrate epigenetics to crop improvement [14].
MutS Homolog1 (MSH1) is a plant‐specific, nuclear‐encoded gene that is targeted to both plastids
and mitochondria to influence organellar genome behavior and plant growth patterns [15]. RNAi
down‐regulation of MSH1 in different plant species, including sorghum, tobacco, tomato,
soybean and Arabidopsis leads to developmental reprogramming, a phenomenon involving a
complex phenotype that includes leaf variegation, delayed flowering, male sterility, increased
tillering/branching, delayed transition to maturity, abiotic stress tolerance and dwarfism with
varying degrees of penetrance [16][17][18][19]. The developmental reprogramming state
(MSH1‐dr), is subsequently inherited independent of the transgene, so that a proportion (10‐
20%) of transgene‐null segregants retain an altered phenotype heritably with 100% penetrance.
These heritably altered lines are termed msh1 ‘memory’ lines.
DNA methylation patterning in msh1 mutants undergoes genome‐wide changes in both genic
and pericentromeric regions [20]. Transition to the msh1 memory line produces primarily genic
methylation changes in association with altered expression of genes associated with circadian
clock regulation, ABA response and ethylene response [21][20]. Crossing the memory line with
its isogenic wildtype counterpart, produces increased phenotypic variation for enhanced vigor
and abiotic stress tolerance that responds to selection.
In this study, the MSH1 non‐genetic phenomenon is investigated using sorghum as a model. A
previous study of MSH1‐suppression effects in sorghum revealed dramatic phenotypic variation
in progeny derived from msh1 memory line crosses to the wildtype. However, a proportion of

19

this phenotypic effect was found to be genetic, resulting from spontaneous reversion of dwarfing
gene dw3 to produce plant height variability. This observation raises the possibility that the msh1
effect may increase dw3 reversion, which would complicate its utility in breeding. The dwarf
stature conferred by dwarfing mutations in sorghum are valuable for facilitating mechanized field
harvesting. Therefore, we have investigated the dw3 reversion frequency under msh1 conditions.
Furthermore, we have investigated the range of phenotypic variation present in msh1 memory
line x wildtype crosses to develop a strategy for future epigenetic breeding and selection.
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Methods
Plant materials
The sorghum materials used were initially developed as described in Feng [22] and de la Rosa
Santamaria [23]. The following is a summarized process from the previous studies. MSH1 was
downregulated through introduction of an RNAi transgene to the wildtype sorghum, inbred line
Tx430 [24], using Agrobacterium transformation. Relative to wildtype (WT), T2 transformants
displayed delayed flowering, enhanced tillering, stunted growth and partial male sterility
phenotypes, and the plants were then allowed to self‐pollinate for segregation of the transgene
and selection of transgene‐null msh1 memory lines. T3 segregants, independent of the transgene,
retained the altered phenotype.

DNA extraction for genetic and molecular analysis
T6 msh1 memory lines and Tx430 wildtype seeds were germinated in plastic trays filled with
potting mixture for greenhouse cultivation. Leaf tissues (2‐3cm long) from 2‐week‐old seedlings
were collected in 1.5‐ml tubes containing approximately eight 2‐mm dia Zirconia beads. The
tubes were prefilled with 500ul of DNA extraction buffer (200 mM Tris‐HCL pH 8.0, 250 mM NACL,
25 mM EDTA pH 8.0, 0.5% SDS). Tissue was ground in the Mini‐Beadbeater ‐96. The DNA was
precipitated in an equal volume of isopropanol followed by centrifugation. The air‐dried DNA
pellet was re‐suspended in double distilled water.

Genotyping for MSH1‐RNAi transgene
A polymerase chain reaction assay was used to detect the presence or absence of the MSH1 RNAi
transgene in the memory lines and wildtype seedlings using the forward primer 5’ AGG ATG TGC
TGC AAG GCG ATT AAG TTG ‐3’ and reverse primer 5’ GGT TGA GGA GCC TGA ATC TCT GAA GAA
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C ‐3’. The PCR conditions were as follows; 5 min of initial denaturation at 95 °C, 34 cycles of 30 s
denaturation at 95 °C, 40 s annealing at 60 °C, 2 min extension at 72 °C, and 10 min of the final
extension at 72 °C using BIO RAD T100 Thermal Cycler. The PCR products were then fractionated
in a 1.0% agarose gel. The positive and negative controls were included.

Screening for Dw3 reversion
PCR was used to amplify the Dw3 and dw3 alleles to determine the presence or absence of the
mutation [tandem repeat of 882 bp on exon 5] through primer pair forward 5′‐ CGT CCT GCA GAA
GAT GTT CAT GAA GG ‐3’ and reverse primer 5′‐ GTG CGC CAC CAC GAT GGT GGT GC ‐3’. The
Promega GoTaq Green Master Mix, 2X was used for a 25 µl total volume. The PCR protocol is
described in Farfan et al (2012). All plants used in msh1 memory line x Tx430 crosses were
screened to confirm the absence of the DW3 allele that conditions a tall phenotype relative to
Tx430. The F1 progeny were similarly screened.

Memory line x wildtype crosses
In a greenhouse experiment, T6 memory line plants, maintained as transgene‐null by self‐
pollination, were reciprocally crossed to the TX430 wildtype. Plants used as females were hand
emasculated [25]. The Greenhouse conditions for day temperature ranged from 20 to 23 °C and
night 22 to 27 °C. Sixteen independent crosses were made to derive F1 seed. 358 F1 plants were
grown in the greenhouse under similar conditions.

RNA extraction and MSH1 Expression Analysis by qRT‐PCR
Total RNA was extracted from Tx430 WT and both MSH1‐RNAi transgene positive and null
samples using the Macherey‐Nagel NucleoSpin Plant Kit following manufacturer’s protocol.
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Three biological replicates were assayed. cDNA was synthesized from 400ng total RNA using Bio‐
Rad iScript Reverse Transcription Supermix for RT‐PCR. qRT‐PCR was performed with the CFX
real‐time system (Bio‐Rad, USA) with 95 °C for 3 minutes, 40 cycles of 95 °C for 30 seconds and
60 °C for 1 minute. RNA abundance was calculated from the average of three technical replicates
using ΔΔCq method, where Cq is the cycle number at which amplification signal reaches
saturation in each PCR run. The Cq values of UBIQUITIN10 were used as normalization control in
the calculation. The real time primer pair forward 5’‐ TGG CTA CTC AAT AGG AGG CAG GAA ‐3’,
reverse 5’‐ TAT GCA CAA GGC TAG CAC CAC TGA ‐3’ was used for MSH1 expression in wildtype,
MSH1‐dr transgene and memory line. For the control locus, the primer pair forward 5'‐ TTG TGA
AGA CCC TCA CTG GCA AGA ‐3’, reverse 5'‐ AAT CAG CAA GGG TAC GAC CAT CCT ‐3’ was used.

Field experiment
The F2 families [100 epiF2 lines] were grown during the summer of 2016 in rainfed conditions at
the University of Nebraska Havelock experiment station in Lincoln, Nebraska. Since the number
of epi‐F2 families per replicate is large, an augmented lattice design (incomplete‐block
experimental designs) with three replications was used. The Wildtype Tx430 was randomly
inserted in each incomplete block to make a 10 by 11 rectangle. In this design, incomplete‐blocks
are grouped into larger blocks and the large blocks form a complete‐block design, which was
taken as a replication. Each individual epi‐F2 family appeared once in each replication. High
seeding rate of 7 seeds per foot was used. Excess plants were removed 2 weeks after emergence
to make a uniform plant stand with individual plants spaced at 6 inches within a row.
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Phenotypic traits
Phenotypic data were collected for days to flowering (recorded at the emergence of the head
from the flag leaf sheath), plant height (measured from ground to the tip of the panicle), tillering
and grain yield per individual plant. The main panicles from individual plants were bagged at
flowering for self‐pollination. The bagged panicles were harvested and threshed individually.
Panicles from tillers were not bagged but their grain weights were added to the main panicles’
for total grain yield per individual plant. Data were collected from 15 uniformly spaced plants
within the central portion of the row.

dw3 reversion frequency field experiment
The experiment was set up as alternating rows of TX430, F1 derived epi‐F2s, F1 derived WTxWT
F2s, and F2s derived from tall F1 plants confirmed to have dw3 reversion. Tall plants were
identified by plant height phenotype at flowering stage and were confirmed by PCR assay.

Statistical analysis
The mean phenotypic values and confidence intervals for each epiF2 family were estimated using
linear mixed‐effect model (LMM):
response, µ is the population mean,

= µ +

+

+

/

is the effect of line i,

is the effect of block j nested in within replicate k, and

+

, where

is the trait

is the effect of replicate k,

/

is the residual error. The line effect

was treated as fixed while the block and replicate effects were treated as random. Agronomic
traits of grain yield, plant height, and days to flowering were analyzed as response variables. The
best fitted probability distribution for each variable was estimated based on non‐linear
regression analyses. The best model for each response variable was selected based on goodness‐
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of‐fit (gof, a bootstrap Kolmogorov‐Smirnov test) of the nonlinear fitted models, and on the
difference in deviance between the hypothesized and null model (which follows Chi‐square
distribution). A generalized linear mixed‐effect model (GLMM) in R software (R Core Team, 2017)
[26], was used to estimate the difference between the wildtype (control) and epi‐lines for non‐
Gaussian traits: days to flowering and tillering. The GLMM for days to flowering was performed
assuming a Gamma distribution model for the response variable (verified) and a log link function.
While the GLMM for tillering was performed according two approaches: 1) assuming Poisson
distribution model for the response variable and 2) assuming negative binomial distribution (and
a log link function in both models). LMM was performed for grain yield and plant height. GLMM
was performed in lme4 R package [27], and on addition, lmertest R package was used for LMM
[28]. These analyses were carried out in collaboration with Dr. Robersy Sanchez, who assisted
with design of the statistical testing procedure.

Selections for next generation
Grain yield was used as the basis for selection, with both the individual plant and line means.
Non‐linear regression analysis was performed to fit the yield of each line to Normal, Log‐Normal,
and Gamma distributions. In addition to these criteria, the logarithm of grain yield was fitted to
normal distribution. Kolmogorov‐Smirnov gof test (KS test) was performed for each model in
every line and the null hypothesis was accepted for all of them (Table 3). Based on 30th ‐70th
percentiles, lines were classified into three groups: Low, (yield mean < 58); medium, (58 <= yield
mean < 80); and High, (yield mean > = 80). The same cutoffs were used to classify individual plants
into three categories (Low, Medium and High). The combination gave rise to nine (9) categories
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(Figure 12). Seed weight is in grams (g). Seeds from each of the nine categories were selected for
the next generation.
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Results
Test of dw3 reversion in msh1‐derived epi‐lines
Previously, reciprocal crosses [29] between msh1 memory lines and isogenic wildtype sorghum
inbred line Tx430 were made to investigate msh1‐induced non‐genetic variation and its
mechanism of inheritance, illustrated in Figure 1. Enhanced phenotypic variation was observed
in F2 families, which appeared largely to be non‐genetic. It was, however, postulated that the
observed variation in plant height could be partly the consequence of enhanced reversion of dw3,
known to be present in the inbred line Tx430. Reversion involves loss of a direct sequence
duplication in the dw3 allele by unequal crossover activity [30], so that increased local
recombination could lead to high reversion frequency.
The msh1 phenotype is epistatic to plant height in sorghum (Figure 2 A, B). Thus dw3 reversion
can be masked by MSH1 suppression but become evident in the progeny derived from crossing
to the wildtype. In this study, similar crosses were made from parents assayed for dw3 to
eliminate the possibility of genetic influence on subsequent phenotypic variation. Also
investigated was whether msh1 conditions enhanced dw3 reversion. This suspicion emanated
from the high frequency of dw3 reversion incidents among the progenies from previous crosses.
Consistent with the previous study, normal phenotype is restored in the derived F1 progeny
(Figure 2 C). The F1s and the F1 derived F2s were evaluated for dw3 reversion frequency against
the progeny derived from Tx430 ‐ Tx430 crosses. Assessment was both phenotypic and genotypic
(Figure 4).
The reported dw3 reversion frequency ranges from 0.166 to 0.3 % and is genotype‐dependent
[30][31]. No significant increase in dw3 reversion was detected in msh1 material in F1 and F2
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generations in greenhouse and field experiments respectively (Table 1). The dw3 reversion
frequencies in Tx430 and the progeny of Tx430 ‐ Tx430 crosses were not different from previous
reports as well. Thus, we find no evidence of increased dw3 reversion as a response to MSH1
suppression in sorghum.
Evidence of the msh1 phenotype in EpiF2
All of the derived F1 progeny resembled the wildtype phenotype irrespective of the direction of
the cross. Similar observations were made in the previous study [29]. This outcome is also the
case despite the memory line parents having maintained the altered phenotype for seven
generations through self‐pollination. The observation of restored wildtype phenotype in F1
generation from either direction of the cross eliminates the possibility of inheritance of the msh1
phenotype through organellar genomes.
Self‐pollination of F1 plants produced F2 populations displaying a 10% frequency of the MSH1
memory line phenotype. This phenomenon does not appear to be influenced by direction of the
cross, and has been observed before [29]. The transition between the MSH1 memory line and
enhanced‐growth phenotypes is not understood; we speculate that a disproportionate amount
of the msh1‐associated methylation patterning may be acquired in these unusual segregants.
Enhanced phenotypic variation in MSH1 F2 population
The msh1‐derived F2 sorghum populations showed increased variation in all traits relative to the
wildtype Tx430 (Figure 6). The variance magnitude was higher even for plant height after
removing the genetic influence of dw3 reversion, suggesting that this observed phenotypic
variation is non‐genetic. A large proportion [50% (p<0.05)] of the F2 families showed a tendency
to be taller, while only 3 % were significantly shorter than the wildtype (Figure7). Similarly, a large
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proportion [63%] of F2 families were delayed in flowering, with only one family showing early
flowering (Figure 8), suggesting a strong skewing in phenotype regardless of crossing direction.
Further analysis detected 9% of F2 families with higher grain yield (p<0.05) than the wildtype
(Figure 9). Grain yield results are noteworthy considering that no genetic variation was
introduced.
A substantial proportion showed increased tillering (p<0.05) (Figures 10 and 11). Similarly this is
significant because other studies have found a positive correlation between increased tillering
and grain yield in cereals [32] . Differences in tillering results from the Poisson and Negative
binomial models were minimal. Although Poisson appears to be a better model [higher AIC (Table
2.0)], Negative binomial detected 3% more F2 families significant from the wildtype. There were
no considerable correlations among the traits except for a 52% correlation between tillering and
grain yield.
Selections to advance to the next generation was based on grain yield. Conflict arises as to which
criterion between family means and individuals to use for selections. The low, medium or high
mean families can have high yielding individuals (Figure 5). The devised strategy caters for both
(Figure 12) and the outcome will determine if selecting from high yielding family is more
rewarding than selecting a high yielding individual irrespective of its family or vice versa.
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Discussion
The considerable phenotypic variation observed in MSH1‐modified epi‐lines of Tx430 can largely
be attributed to non‐genetic changes. Previously, inadvertent genetic changes caused by
reversion of the dw3 allele [30] contributed to variation in height. Because the msh1 phenotype
can conceal dw3 reversion by suppressing plant height, it is essential to pre‐screen MSH1‐RNAi
and derived memory lines for the DW3 allele prior to selection for crossing. In this study, a test
of increased dw3 reversion as consequence of increased local recombination in the msh1
memory lines or their crossing progeny revealed no enhanced reversion.
A memory line plant with dw3 reversion was likely the original source of genetic changes in our
earlier studies that led to unusual plant height variation. Hence the memory line and wildtype
plants used to generate the epi‐lines in this study were genotyped for dw3 to preclude genetic
influence in variation observed in plant height. The MSH1 expression recovers to the wildtype
level in memory lines (Figure 3), so the observed phenotypic variation is not the suppression
residual effect. Although all traits responded, more response was observed in plant height and
days to flowering than in grain yield and tillering. The difference genetic complexity of each trait
might be the cause of the observed differential trait response. Yield in many agricultural crops is
a complex trait known to be under the control of many genes [33], while a small number of genes
control plant height [34] and flowering[35] in sorghum.
DNA methylation patterns in msh1 mutants reveal genome‐wide changes in methylation in genes
and transposable elements [20]. In an unrelated study on rice, the variability for drought and salt
tolerance was associated with degree and patterns of DNA methylation [36]. It is therefore
plausible that msh1 derived DNA methylation patterns might be playing some regulatory roles
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responsible for the observed heritable variation. The msh1 derived phenotypic variation
observed in this study is compelling, and it might be worthwhile to incorporate other important
traits such as abiotic stress tolerance, which is known to respond to DNA methylation changes.
Results presented here are from a single genotype, and it is possible that other genotypes might
respond differently, perhaps with even greater variation. The msh1 derived variation in plants
has the potential to be utilized to develop alternative breeding strategy.
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Figure 1. Schematic diagram depicting the procedure of MSH1 suppression and subsequent
breeding strategy.
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Figure 2. MSH1 memory line phenotype. (A) MSH1 memory line [left] relative to Tx430 WT in
greenhouse, and (B) field condition. (C) Normal phenotype in F1 progeny from MSH1 memory
line– WT cross
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Figure 3. Quantitative RT ‐ PCR analysis of MSH1 transcript level in variant phenotype plants with
MSH1 suppression transgene [+] and the memory lines (without the transgene) relative to the
wildtype TX430.
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Figure 4. Sorghum dw3. (A) Tx430 plants [left] contain dw3 mutation, tall plants have the
functional allele DW3. (B) Compaction of stalk internodes in the TX430 dwarfing phenotype of dw3
[right]. (C) Duplicate polymerase chain reaction results for DW3 and Tx430 (dw3) showing different
fragment size.
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Figure 5. Box‐plots of grain yield raw data (from one replication) showing 100 F2 families and the Tx430wildtype means (red
triangles) and individual plants within family (black dots). The horizontal blue line represents the wildtype mean, while the top
and bottom red dash lines represent the 75% and 25% wildtype yield percentiles, respectively. The boxplots show the whole
range of observed sample variation. Wildtype samples from all incomplete blocks were pooled to compute the mean.
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Figure 6. Boxplots depicting within‐row variance of the traits in MSH1 epi‐F2s and
wildtype. Values normalized as a proportion of the maximum variance observed.
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Figure 7: The graph of the least‐square mean‐differences (LSMD) of ‘plant height’ (cm) showing epi‐F2 families significantly different
from the wildtype. 100 F2 families were analyzed, 50 were significantly taller, and 3 were significantly shorter. Red, orange and
yellow depicts F2 families detected at 0.001, 0.01 and 0.05 alpha levels, respectively, in pairwise comparisons between a given epi‐
F2 family and the wildtype mean. By construction the wildtype LSMD is zero. A linear mixed‐effect model was used for the analysis.
The error bars represent the 95% confidence interval (CI) of LSMD.

Figure 8: The graph of the LSMD showing epi‐F2 families significant from wildtype Tx430 on ‘days to flowering’. 100 F2 families
were analyzed, 63 were delayed in flowering, and 1 was early flowering. Red, orange and yellow depicts F2 families detected at
0.001, 0.01 and 0.05 alpha levels respectively. The GAMMA model was used to make pairwise comparisons between F2 families
and the wildtype.
40

41

Figure 9. The graph of LSMD for epi‐F2 families’ grain yield significant from the wildtype Tx430. From
100 F2 families, 9 had higher yield, and 4 were low yielding. Orange and yellow depicts significant F2
families (p< 0.01) and (p< 0.01) respectively in pairwise comparisons between the wildtype mean.
Linear mixed‐effect model was used for the analysis.
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Figure 10. The graph of the LSMD showing epi‐F2 families significantly different from the wildtype
Tx430 with respect to tillering. From 100 F2 families, 15 were high tillering, and 2 were less. Red,
orange and yellow depicts F2 families detected at 0.001, 0.01 and 0.05 alpha levels respectively. The
Poisson model with log link was used to make pairwise comparisons between F2 families and the
wildtype.
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Figure 11. The graph of the LSMD showing epi‐F2 families significantly different from the wildtype
Tx430 with respect to tillering. From 100 F2 families, 18 were high tillering, and 2 were less tillering.
Red, orange and yellow depicts F2 families detected at 0.001, 0.01 and 0.05 alpha levels respectively.
Negative binomial model was used for pairwise comparisons between F2 families and the wildtype.
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Figure 12: Classification of grain yield (in grams) into three categories based on 30th and 70th percentiles cutoffs:
1) Low, yield < 58; 2) yield 58 <= Medium < 80; and High, yield > = 80 for individual plants and epi-F2 family
means. Seeds from individual plants were selected from each category to be advanced to F3 families.
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List of tables

Table 1. Evaluation of dw3 reversion frequencies in MSH1‐derived genotypes and isogenic
Tx430. The plant height phenotype and PCR assay were used to score.
Genotype

n

Reversion freq.

p‐value

Green house

MSH1 memory line x Tx430 (F1)
Tx430 x Tx430 (F1)
MSH1 memory line selfed

602
547
472

3
3
0

0.6246
0.3544
1.0

Field

Tx430
MSH1 Epi‐F2
Tx430 x Tx430 (F2)

6650
3876
4502

10
5
3

1.0
1.0
0.383

Table 2. Statistics comparing Poisson and Negative binomial models to determine the best
model for tillering data analysis.
AIC

BIC

logLik

deviance

df.resid

Poisson

11846.4

12528.0

‐5819.2

11638.4

5080

Negative binomial

11844.4

12519.4

‐5819.2

11638.4

5081
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Table3.0: Grain yield (g) percentiles computed from different cumulative distribution functions
Log.Normal

Gamma.3P

Normal.log

Normal

Risk

perct0

0

28.9312842517

0

‐Inf

100

perct5

40.341299918

42.1474306832

40.3444271214

33.3283750078

95

perct10

45.3296191888

46.2809919186

45.3323555968

41.3925611507

90

perct15

49.0391985147

49.5502460224

49.0415913744

46.8334292565

85

perct20

52.2027853844

52.4437153606

52.2048525015

51.1576587479

80

perct25

55.0790228733

55.1441736152

55.0807693018

54.8674626149

75

perct30

57.7967818753

57.7470213631

57.7982049562

58.1989811437

70

perct35

60.4347561723

60.3136177172

60.4358474055

61.2861295562

65

perct40

63.049182015

62.8901281792

63.0499276445

64.2155315068

60

perct45

65.6862682345

65.5166771071

65.6866491082

67.0497617956

55

perct50

68.3892100439

68.2326386482

68.3892008934

69.8390564341

50

perct55

71.2033759284

71.0811207226

71.2029440128

72.6283510725

45

perct60

74.1815183157

74.113715829

74.1806211929

75.4625813613

40

perct65

77.3906332491

77.3970749547

77.3892151698

78.3919833119

35

perct70

80.9229147139

81.0239095384

80.9209006124

81.4791317244

30

perct75

84.9158864199

85.133031993

84.913171296

84.8106502532

25

perct80

89.5945305598

89.9512718083

89.5909589765

88.5204541202

20

perct85

95.3743982791

95.8958725537

95.369719207

92.8446836116

15

perct90

103.1794251558

103.887772643

103.1731693017

98.2855517174

10

perct95

115.9378616937

116.8078759053

115.9288440201

106.3497378603
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